The treatment of multiple myeloma has evolved significantly over the past decades, spanning from alkylator-based therapy to the more recent novel therapies that include proteasome inhibition and immunomodulatory agents. The introduction of immunotherapy to the treatment landscape of multiple myeloma has led to the development of new strategies and therapies that engage the immune system to enhance intrinsic anti-myeloma activity. Many novel immunotherapy strategies including monoclonal antibodies, adoptive cell therapy and vaccine development, are currently under investigation in clinical trials. In this review, we will discuss immune-based strategies currently approved as well as various immune approaches being actively investigated.
Introduction
The treatment of multiple myeloma (MM) has significantly evolved over the past several decades to include a variety of novel agents relative to the previously limited arsenal of alkylating agents and steroids. This evolution has provided for significant improvements in the 5-year overall survival (OS) of patients from 29.7% in 1990 to 49 .6% in 2008 (http://seer.cancer.gov; accessed 2016 Sep 22). Unfortunately, despite significant progress in therapeutic options for patients with MM, few remain in long-term remission and the majority relapse and ultimately die from the disease, oftentimes with a resistant clone with genomic instability [1] and the inherent immune deficient state that characterizes MM [2] . Immune therapy, in the context of allogeneic stem cell transplantation, has been the lone consideration for a curative approach for the disease. The high mortality and morbidity associated with allografts however, including the development of graft versus host disease, has limited its use in the treatment of MM. Immune modulation has remained a strategy of significant interest and excitement as immunotherapy has rapidly established itself in a multitude of malignancies. For example, the use of monoclonal antibodies (mAb) such as rituximab in the treatment of lymphomas, checkpoint inhibitors in diseases including metastatic melanoma and Hodgkin lymphoma [3] [4] [5] , and gene modified T cells targeting CD19 in acute lymphoblastic leukemia [6] have each shown durable responses in multiply relapsed and refractory patients. In the following review, we will summarize the current immune based therapeutic options currently available and in development in the management of MM.
Immune dysregulation in multiple myeloma
It is well established today that all MM patients have a pre-existing non-malignant stage known as monoclonal gammopathy of undetermined significance (MGUS) [7] . The mechanism of progression to MM involves several genetic and epigenetic abnormalities of the plasma cells [8] , alterations in the marrow microenvironment [9] , and more importantly, a loss of immune surveillance. Although primarily a disorder of the B cell lineage, the T cell compartment is frequently affected in MM, and loss of the anti-tumor specific function of T cells, such as CD4, CD8 and NK T cell subsets, is a hallmark of progression from MGUS to MM [10] . As the MM cells localize to the bone marrow, they are directly exposed to immune cells, however the immune system becomes increasingly impaired as the disease progresses.
The balance between regulatory T cells (Tregs) and T helper (Th) 17 cells is essential for maintaining anti-tumor immunity in MM [11] . Tregs play an important role in the preservation of self-tolerance and modulation of overall immune responses against infections and tumor cells. In MM patients, Tregs appear to contribute to myeloma-related immune dysfunction. Th17 cells protect against fungal and parasitic infections and participate in inflammatory reactions and autoimmunity. The high level expression of TGF-B and IL-6 in myeloma patients may affect generation of TH17 cells, both directly and via engagement of other pro-inflammatory cytokines, and thereby modulate anti-tumor responses. As a result, the balance between Tregs and Th17 cells seems to be skewed towards Th17 cells [12] . This imbalance results in significant immune deficiency in MM, leading to suboptimal tumor-specific immune responses and thereby allowing for disease progression [13] .
The PD-1 receptor-ligand interaction is a major pathway hijacked by tumors to suppress immune control. Cancer immune escape due to tumor-induced NK-and T-cell anergy/exhaustion has emerged as an important determinant of cancer progression and/or recurrence [14] . PD-1, an Ig super family member related to CD28 and CTLA-4, has been shown to negatively regulate antigen receptor signaling upon engagement of its ligands (PD-L1 and/or PD-L2). The normal function of PD-1, expressed on the cell surface of activated T-cells under healthy conditions, is to down-regulate unwanted or excessive immune responses, including autoimmune reactions. PD-1 is upregulated on activated T cells, B cells, NK cells, NK/T cells, activated macrophages, and dendritic cells (DCs) [15] . Subsequent activation of phosphatases that deactivate signals emanating from the T cell receptor and coinciding impairment of T cell proliferation and cytokine secretion results in severe inhibition of T cell function [16, 17] . In MM, tumor cells, pDCs and myeloid-derived suppressor cells (MDSCs) all express PD-L1, whereas BM-resident cytotoxic T, NK, and NKT cells express PD-1.
The PD-1/PD-L1 pathway is upregulated in MM, and PD-L1 over expression is seen in advanced disease and in therapy resistance, enhances MM invasiveness and renders tumor cells less susceptible to cytotoxic T lymphocytes, establishing the basis for therapeutic intervention with PD-1/PD-L1 blockade [18, 19] .
Regulatory T cells (Tregs) are responsible for the suppression of immune responding cells, such that accumulation of Tregs will suppress the immune response and play an important role in selftolerance. Currently, there is significant disagreement in the literature concerning Treg numbers and function in MM. Studies from Prabhala, et al. and Gupta, et al. [20] [21] [22] reported that Tregs are elevated in patients with MM, leading to the suppression of function of naïve T cells, and are potentially associated with adverse clinical features and may predict progression of disease. Other research however has reported conflicting data demonstrating increased frequency of peripheral blood Treg cells in MM patients when compared to normal controls, with varying frequency of CTLA-4 expression, for example [23, 24] . Tregs were associated with strong inhibitory function with increased levels of FoxP3 and inhibition of proliferation and IFN-y production, similar to normal controls. A study investigating the role of Treg cells after allogeneic transplantation in myeloma also supported this finding, showing no difference in Treg numbers in patients with myeloma versus controls [25] . This discordance may be due to differences in Treg cell identification strategies, but ultimately no strong conclusion can thus far be made regarding Treg cell frequency or function in MM.
Myeloid derived suppressor cells (MDSC), a heterogeneous population of immature myeloid cells that accumulate in MM, have been shown to play a key role in tumor-induced immunosuppression, and also have the antigen-presenting ability that contributes to immune evasion of cancer cells. While rare in healthy patients, MDSCs play a prominent role in limiting the inflammatory response due to infections [26] , and the development of immunotolerance to different types of malignancies. Accumulation of MDSCs is seen in the bone marrow and peripheral blood of MM patients, and has been shown to increase with disease progression. MDSCs have emerged as a main regulatory population, playing an essential role in disease progression through the orchestration of immune suppression [26] [27] [28] .
Current treatment options for multiple myeloma
Immunotherapy in MM can be divided into several categories including: pharmacologic immunomodulation; mAbs targeting surface molecules present on the myeloma cell; mAbs targeting checkpoint inhibitors on immune cells; vaccines; and adoptive T cell therapy.
Pharmacologic immunomodulation:
The increased understanding of the interactions between malignant plasma cells and the bone marrow microenvironment has led to the identification of several new treatment paradigms [29] . Novel therapeutic agents, including proteasome inhibitors (PIs) and immunomodulatory agents (IMiDs), have dramatically changed the outcomes of patients with MM. PIs, such as bortezomib, carfilzomib, and ixazomib are designed to disrupt normal degradation of intracellular proteins by the proteasome. Inhibition of the proteasome leads to the accumulation of misfolded and ubiquitinated intracellular debris thereby preventing the degradation of pro-apoptotic factors, thus promoting programmed cell death [30, 31] . Malignant cells, which depend heavily on the suppression of apoptotic pathways, are particularly sensitive to the interruption of routine proteolysis. The proteasome has been shown to regulate intracellular levels of the antiapoptotic protein NF-kB that is constitutively present in the cytosol and inactivated by the IkB family inhibitors. When phosphorylated, IkB is targeted for degradation by the 26S proteasome, allowing translocation of NF-kB into the nucleus. Proteasome inhibition increases the availability of IkB within the cytosol, thus inhibiting NF-kB and impairing one of the anti-apoptotic mechanisms of NFkB-dependent tumor clones [32, 33] .
IMiDs, such as thalidomide, lenalidomide and pomalidomide, represent a class of drugs with versatile therapeutic properties. These properties include: anti-proliferative effects on the malignant clone; immunomodulatory effects such as costimatulation of T cells, suppression of Tregs, and activation of NK cells; and disruption of plasma cell microenvironment interactions with their ability to stimulate apoptosis of established neovasculature, inhibit angiogenesis, and downregulate adhesion molecules, thereby counteracting the overall protective effect of the bone marrow milieu [34] . Cereblon (CRBN) has been identified as a direct target protein responsible for thalidomide teratogenicity [35] , and evidence has demonstrated that wild-type CRBN expression is required for the anti-myeloma activity of IMiDs [36] . A recent study demonstrated that CRBN forms an E3 ubiquitin ligase complex with damaged DNA binding protein 1, cullin 4A, and regulator of cullin 1, resulting in ubiquitination and proteolysis of target proteins such as Ikaros family zinc finger protein 1 (IKZF1) and IKZF3, which are important transcription factors for B-cell differentiation [37] . These potent costimulators of primary human T cells synergize via the T cell receptor complex to increase IL-2 mediated T cell proliferation and IFN-y production which in turn increase the number of NK cells, improve their function, and mediate lysis of MM cells by the increase of activator protein 1 transcriptional activity. These data suggest in part that IMiDs may mediate their anti-MM effect at least partially by modulating NK cell number and function [38, 39] . Further, recent data suggests that lenalidomide and pomalidomide enhance tumor antigen uptake by DCs with an increased efficacy of antigen presentation [40] .
Histone deacetylases (HDAC) are a class of multifunction enzymes with distinct structure and target specificities that mediate epigenetic silencing of gene expression, thereby modulating key cellular processes, including proliferation, migration, and survival [41] . HDAC inhibitors offer a rationale to disrupt the aggresomal protein degradation in MM. Simultaneous proteasome and HDAC inhibition allows duel blockade of the proteasome and aggresome, triggering synergistic cytotoxicity and overcoming bortezomib resistance in preclinical studies [42] . Phase 3 clinical trial data of bortezomib with or without the pan-HDAC inhibitor, panobinostat, achieved a 4-month prolongation of PFS with combination vs. bortezomib-alone treatment (12 vs. 8 months; P< 0.001). In addition, 28% vs. 16% of patients achieved nCR or better with the combination therapy (P=0.00006). These data led to FDA approval of panobinostat in combination with bortezomib and dexamethasone as third-line therapy for MM patients.
Hematopoietic stem cell transplantation has long been considered an anti-MM treatment strategy. Autologous stem cell transplantation (ASCT) with high dose chemotherapy is widely considered the standard-of-care for newly diagnosed and transplant-eligible MM patients [43, 44] . Use of PIs and IMiDs prior to ASCT as induction therapy has been shown to improve the rate of complete response and event-free survival [45] . Immunotherapy, in the form of allogeneic hematopoietic stem cell transplantation, offers the opportunity to introduce an immune system that has not been negatively influenced by the presence of tumor cells. This strategy has historically provided the only treatment modality associated with long-term complete remissions and possible cures in MM [46] [47] [48] . The "graft-versusmyeloma" effect, a principle that the immune system can eradicate a malignant clone, has unfortunately provided limited clinical success primarily due to a lack of a predictable uniform and potent response as well as to complications of the procedure including high treatment related mortality [49] .
Monoclonal antibody therapy in MM:
The introduction of the mAb to the armamentarium for multiple myeloma has provided promising results, particularly in patients with advanced and refractory disease. The use of mAbs harbors the potential of the immune system when activated through a variety of mechanisms in order to exert clinical efficacy. mAbs can be used against surface targets on the malignant tumor cell itself via antibody-dependent cellular cytotoxicity (ADCC) or complement-dependent cytotoxicity (CDC). The identification of specific antigens that can serve as immunotherapeutic targets has provided for the development of novel mAbs that may diminish tumor cell survival, proliferation, angiogenesis and interactions between the MM and the BM cells. The identification of tumor-specific targets is critical to establish novel mAbs that can be used to target malignant plasma cells in MM.
Tumor-specific targets CD38: CD38 is a type II transmembrane glycoprotein that combines adhesion, receptor and enzymatic functions [50] [51] [52] . While the expression on normal lymphoid and myeloid cells is relatively low, CD38 is highly and uniformly expressed on myeloma cells. mAbs against target antigens, such as CD38 expressed on MM cells, can induce tumor cell killing via a variety of mechanisms including CDC, ADCC, and antibody-dependent cellular phagocytosis (ADCP) [53] [54] [55] . A more direct effect of mAbs can be through direct binding and subsequent activation of a cell surface receptor on tumor cells that triggers apoptosis.
Daratumumab, a human anti-CD38 IgG1k antibody was generated by immunization of transgenic mice possessing human immunoglobulin gene with recombinant CD38 protein and NIH 353 cells until CD38-specific serum titer development. Among the proposed mechanisms of action of daratumumab, in addition to the well described CDC and ADCC, are ADCP, induction of autophagy/ apoptosis, as well as loss of enzymatic activity. Immune profiling and assessments of the functional activity have recently been performed in patients with RRMM who received daratumumab monotherapy [56] . This analysis demonstrated significant increases in broad T cell populations, including both CD4+ and CD8+, within the peripheral blood and bone marrow. Daratumumab elicited significant decreases in naïve T cells but also significant increases in effector memory CD8+ T cells, shifting towards effector T cells with an antigenic experienced phenotype that retained immunologic memory and may be reactive against tumor antigens. Ratios of CD8+:CD4+ and CD8+:Tregs also increased significantly with treatment, demonstrating a shift in positive versus negative immune regulators. Interestingly, patients with a partial response or greater to daratumumab showed greater maximum effector and helper T cell increases, elevated antiviral and alloreactive functional responses, and significantly greater increases in T cell clonality as measured by T cell receptor sequencing. A novel subpopulation of peripheral Tregs were also found to express high levels of CD38 and exquisite sensitivity to daratumumab.
Preclinical studies have shown synergy in inducing ADCC between both lenalidomide or bortezomib and daratumumab. This synergistic effect was also seen in lenalidomide/bortezomib-resistant multiple myeloma cell lines and primary MM cells from bone marrow mononuclear cells derived from lenalidomide-and/or bortezomibrefractory patients [57] .
Recently published phase I and phase II studies of daratumumab showed encouraging anti-myeloma clinical activity and good tolerance in heavily pretreated patients with refractory myeloma. As a single agent, it yielded a 36% overall response rate, and in the responder group, 65% remained progression-free over a period of 12 months [58] . More recently, larger phase III trials have demonstrated the significant effect of daratumumab in combination with standard myeloma therapies, lenalidomide [59] and bortezomib [60] . The addition of daratumumab to standard doublet therapies provided significantly increased overall response rates and progression free survival times in patients with relapsed/refractory (RRMM) who had received a median of one prior line of therapy (Table 1) . Future clinical trials with novel daratumumab combinations are planned and will explore its use and efficacy further in the newly-diagnosed setting.
SAR650984 (isatuximab) and MOR03087 (MOR202) are two additional anti-CD38 mAbs that have shown potent anti-myeloma activity in vitro and in vivo [61] and are currently under clinical development as monotherapy or in combination therapy. [65] . The combination of lenalidomide, dexamethasone and elotuzumab in a larger phase III study (ELOQUENT-2) of 646 patients showed a significantly higher overall response rate in the study arm when compared to lenalidomide and dexamethasone alone in patients with RRMM. Progression-free survival was 68% and 41% at 1 and 2 years, respectively, compared with 57% and 27% in controls [66] (Table 1 ). This response was importantly seen in disease with high risk cytogenetic features, such at t(4;14) and del(17p). Several studies are currently evaluating additional novel combinations with elotuzumab, including PIs, anti-KIR antibodies and anti-CD137.
SLAMF7 (CS1)
:
CD138:
CD138 is a membrane protein and member of the syndecan family of heparin sulfate proteoglycans. It functions as an adhesion molecule, binding to the extracellular matrix molecules collagen and fibronectin [67] . In hematopoietic tissues, CD138 expression is restricted to malignant and differentiated plasma cells, and due to its expression in 100% of MM patients, CD138 is used as a primary diagnostic marker [68, 69] . As CD138 has been shown to promote survival and invasion of malignant plasma cells in vivo, it has been identified as an antigen for anti-based therapy [70] .
Maytansinoid, a microtubule toxin, has been used as an immunoconjugate to target CD138 (BT062; Indatuximab), as it showed cytotoxic activity against MM cells using in vitro and in vivo models, however phase I/II clinical studies showed modest single agent activity [71, 72] . Combination therapy of this antibody-drug conjugate with lenalidomide and decadron achieved a 78% ORR, including responses in bortezomib-and lenalidomide-refractory MM [72] . Although targeting CD138 appears to be an attractive approach for MM therapy, it may provide a mechanism for tumor escape due to the existence of CD138-negative MM cells. Although these cells MOR 202 (4-16mg/kg) +/-Pd are found at low frequency, they have been shown to be drug resistant and may possess tumor-propagating activity [73] . Accordingly, anti-CD138 therapies likely will need to be used as combination therapy in order to target the full spectrum of MM cells.
Immune checkpoint inhibitors (PD-1/PD-L1):
Immune checkpoint inhibitors targeting PD-1, pidilizumab, pembrolizumab and nivolumab, on T cells or its cognate ligand, PD-L1 on tumor cells, have been established in a variety of malignancies [74] . Although the primary mechanism of PD-1/PD-L1 inhibitors is via improved survival of T cells, increasing evidence has supported the role of antigen presenting cells and activation of NK cells in the activity of checkpoint inhibitors in MM [19] . Evaluation of single agent use of nivolumab and pidilizumab in RRMM has demonstrated disappointing results without objective responses but has yielded stable disease [75, 76] . Early phase trials that have evaluated the combination of pembrolizumab with IMiDs reported a 50% objective response rate, including near complete and very good partial responses in a double refractory RRMM population [77] . With this result, a variety of selected immune checkpoint inhibitors are currently undergoing clinical investigation in early and later phase trials evaluating combination strategies with IMiDs both in the relapsed/refractory and newly diagnosed settings (NCT02036502, NCT02289222, NCT02576977, NCT02077959, NCT02331368 and NCT02431208). Future trials will combine checkpoint inhibitors, mAbs, vaccinations, and/or IMiDs in an attempt to further enhance autologous, selective anti-MM memory immunity and achieve durable clinical responses.
Bispecific T cell engagers (BiTEs):
Bispecific T cell engagers (BiTEs) combine specificities of two antibodies by simultaneously binding to multiple epitopes, one of which involves the engagement and activation of T cells via CDs, and is a new area of antibody research in MM [78] . A promising bispecific engager that is currently under clinical investigation targets BCMA via a defucosylated antibody that is conjugated to the monomethyl aurastatin F (MMAF, GSK2857916). This antibody is undergoing open-label dose escalation in a phase I study in RRMM [79] .
Adoptive T cell therapies: Adoptive cell therapy (ACT) involves enrichment, ex vivo expansion, and/or modification of autologous or allogeneic lymphocytes followed by infusion into the patient. Success of ACT is determined by the ability of the infused lymphocytes to traffic to the tumor site and to mediate tumor destruction. Host lymphodepletion to facilitate homeostatic lymphocytic expansion and persistence of the transferred T cells is common [80, 81] .
The adoptive transfer of tumor-infiltrating lymphocytes (TILs) includes the harvesting and activation of bone marrow-infiltrating cells (MILs). MILs expanded ex vivo demonstrate greater antitumor specificity than similarly manipulated peripheral blood-derived lymphocytes [82] . An initial trial evaluating the therapeutic use of marrow-infiltrating lymphocytes (MILs) in MM included 25 patients who had not achieved a CR prior to planned myeloablative ASCT produced promising results [83] . MILs were harvested from 25 patients with NDMM or RRMM, activated and expanded with anti-CD3/CD28 beads and interleukin 2, and reinfused on the third day post-ASCT. Partial responses or better were seen in 54% with increased progression free survival (25.1 months vs. 11.8 months; p=0.01) when compared to those who did not respond as well. Persistence of myeloma-specific immunity in the BM at one-year post-ACT was observed in all enrolled patients, but to a higher level in those patients who achieved complete remission. A randomized phase 2 study (NCT01858558) comparing auto-ASCT +/-activated MILs in patients with high-risk myeloma is currently ongoing to begin to clarify the clinical relevance of the transfused MILs.
Adoptive NK cell therapy has also been tested in MM with infusion of haplo-identical NK cells followed by ASCT, demonstrating 50% near complete remissions in patients with RRMM [84] . Limited availability of suitable donors and limited quantities of NK cells for infusion present major challenges to this approach.
CAR-T:
Chimeric antigen receptor-modified (CAR) T-cells has revolutionized immunotherapy and cancer treatment, as remarkable responses in CD-19 related disease including relapsed chronic lymphocytic leukemia, non-Hodgkin lymphoma and acute lymphoblastic leukemia have been achieved [85] [86] [87] . CARs are artificial fusion proteins linking the specificity of an antibody-binding domain to the signaling subunits of activating T cell proteins. When readministered, autologous T-cells transduced with these constructs exhibit high, HLA-independent target specificity and cytotoxicity. The development of clinically effective CAR therapies for MM is inherent upon the identification of appropriate target structures that are expressed on the surface of MM cells and have minimal off-target expression.
While CD19 is not generally considered to be a valid immunotherapeutic target in multiple myeloma, the efficacy of CLT019 cells, autogolous T-cells expressing a CD3 zeta/CD137-based anti-CD19 CAR from a lentiviral vector, was seen in a patient with highly refractory MM who achieved remission [88] . This promising result has led to the search for and identification of alternative targets for CAR T-cell therapy for MM.
While CD38 and SLAMF7 are attractive targets for CAR development and are in preclinical investigation, CAR T cells directed against B cell maturation antigen (BCMA) are currently being evaluated in early phase clinical trials. BCMA, a TNF receptor member that is expressed on terminally differentiated B cells, is also found on MM cells. mAbs targeting BCMA [89] and BCMA-specific CAR T-cells [90] are currently under development and preliminary data on 12 patients who were treated on a dose-escalation trial have been reported [91] . While 8 of the 12 patients were reported to have stable disease, a partial response or better was seen in 4 patients, with one stringent CR. Further investigation of CAR T-cell therapy is needed and the consideration for post-CAR T-cell therapy with IMiDs and/or checkpoint inhibitors may allow for persistence of cancer immune surveillance by avoiding T-cell exhaustion. vaccines using the idiotype were only weakly immunogenic and did not elicit a response with measurable clinical benefit [92, 93] .
Ongoing trials are evaluating the use of vaccination in patients with smoldering multiple myeloma as a means to delay the progression to active disease. The vaccine PVX-410 consists of a variety of HLA-A2-specific peptides derived from X-box binding protein 1, SLAMF-7 and CD138 antigens, which can trigger HLA-restricted expansion and activation of MM-specific T cells. The use of PVX-401 in combination with lenalidomide and an anti-PD-1 mAb may further enhance MMspecific immune responses (NCT01718899) [94] .
Dendritic cell vaccines have incorporated patient-derived myeloma cells that have been fused with autologous dendritic cells (DCs), such that a broad array of myeloma antigens is presented in the context of DC-mediated costimulation. Early phase trials in RRMM demonstrated that MM-DC fusion vaccination triggers both humoral and cellular anti-MM responses, associated with 70% stable disease [95] . MM-DC vaccination in the post-ASCT setting achieved a 78% very good partial response rate and a 47% CR or nCR rate, with responses improving from PR to CR/nCR after 100 days posttransplant in 24% of patients, suggesting its utility to treat minimal residual disease [96] . A phase 2 randomized clinical trial of post-ASCT maintenance using lenalidomide with or without MM-DC vaccination is ongoing (NCT02728102).
Summary and Future Directions
The loss of immune surveillance in multiple myeloma has presented an attractive rationale for the development of novel immunotherapeutics designed to reverse immune suppression and enhance intrinsic anti-myeloma activity. Various preliminary immunotherapeutic approaches, including IMiDs, hematopoietic stem cell transplantation, mAbs, vaccines and adoptive T cell therapy have already dramatically advanced the treatment of MM with significant improvements in the median overall survival. Combination strategies of these novel agents have provided synergistic opportunities to overcome disease that has otherwise been refractory to standard approaches. The development of ideal immunotherapy however has been limited by the heterogeneity of disease and difficulties in identifying an ideal target that is expressed exclusively by the malignant cells and limits off-target effects. Ongoing preclinical and clinical trials are critical to the development of immunotherapeutic strategies that will ultimately be effective for all stages within the spectrum of disease. 
